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We have performed inelastic scanning tunneling spectroscopy (ISTS) on individual Fe atoms adsorbed on
a Ag(111) surface. ISTS reveals a magnetization excitation with a lifetime of about 400 fs, which decreases
linearly upon application of a magnetic field. Surprisingly, we find that the g factor, which characterizes the shift
in energy of the excitation in a magnetic field, is g = 3.1 instead of the expected value of 2. This very large g
shift can be understood when considering the complete electronic structure of both the Ag(111) surface state and
the Fe atom, as shown by ab initio calculations of the magnetic susceptibility.
DOI: 10.1103/PhysRevB.84.212401 PACS number(s): 75.75.−c, 68.37.Ef, 71.15.−m, 75.40.Gb
Magnetic nanostructures have proved to be of great interest
from the perspectives of both fundamental physics and
device applications. One finds response characteristics in such
systems to be unique to the nano-environment and not realized
in bulk magnetic matter. This allows tuning of the magnetic
response characteristics of these structures. The smallest
magnetic entity is a single moment-bearing atom. Remarkably,
scanning tunneling microscope (STM)-based spectroscopy
now provides access to the spin dynamics of single atoms in
diverse surface environments.1–11 Previous STM-based studies
of isolated Fe atoms on Pt(111)4,5 and Cu(111)6 set forth the
first data on the strong damping provided by coupling of the
spin precession of the moment core to the Stoner excitations
of the metallic substrate upon which it is chemisorbed. The
data in Ref. 6 also provided the first experimental and ab initio
verification of a prediction made many years ago: Coulomb
interactions alone lead to strong damping of the spin precession
of a single moment, when it is both excited and its motion is
monitored by a local probe that samples its large-wave-vector
response.12 An excellent account of the data in Ref. 6 was
provided by calculations that employ a recently developed
formalism.13–16
The present Brief Report presents an STM-based study of
the excitation spectrum of a single Fe atom on the Ag(111)
surface. Utilizing inelastic scanning tunneling spectroscopy
(ISTS), we measure the magnetic-field-dependent excitation
energy of the Fe atom. The data reveal that the g factor
of the Fe atom assumes the anomalously large value of
g = 3.1. Decades of studies of Fe spin motions in metallic
environments by long-wavelength probes such as microwaves
or photons (Brillouin scattering) have always shown g factors
within about 5% of the free-electron value of 2. Recent
calculations considering the effect of the orbital moment
in ISTS have shown considerable reductions in g, but no
strong enhancement.17 We present calculations based on the
formalism we have developed,6,14,16 utilizing the Korringa-
Kohn-Rostoker (KKR) Green-function method18 within time-
dependent density-functional theory (TD-DFT),19,20 that pro-
vide an excellent account of the anomalous g factor found
experimentally by considering the many-body Coulomb inter-
actions between the moment-bearing d electrons and itinerant
electrons in the host. Theoretically, these results are compared
to Mn, Cr, and Co atoms in various lattice configurations.
All measurements were obtained in a home-built STM
facility with a base temperature of 0.3 K and a magnetic field of
up to 12 T perpendicular to the sample surface.21 The STM tip
was made from high-purity Ag wire by cutting and subsequent
annealing after transfer into the ultra-high-vacuum facility. The
sample was prepared in situ by repeated cycles of sputtering
with Ar+ ions and subsequent annealing at a temperature
of 550 ◦C, yielding an atomically flat Ag(111) surface with
terraces several hundred nanometers wide. Single Fe atoms
were deposited onto the cold sample kept at a temperature
of T < 6 K. Differential conductance (dI/dV ) spectra were
obtained by stabilizing the STM tip above the adsorbate with
tunneling current Istab and bias voltage Vstab applied to the
sample, and by switching off the feedback circuit and ramping
the bias voltage V while recording the dI/dV (V ) signal via
lock-in technique with modulation voltage Vmod = 50–100 μV
and modulation frequency fmod = 4.1 kHz.
Figure 1(a) shows high-energy-resolution dI/dV spectra
taken on an isolated Fe atom (inset) with the same microtip
for different magnetic field values. In comparison to the
spectra taken on a nearby substrate location [Fig. 1(b)], which
were always featureless and almost flat, a reduction in the
differential conductance signal around the Fermi energy is
present. On the positive-bias side, this reduction occurs in the
form of a sharp step, whereas on the negative side the decrease
of the signal is more gradual. The step on the positive-bias
side clearly shifts away from the Fermi energy EF (0 V) for
increasing magnetic field. To further illustrate the evolution of
the two spectroscopic features in a magnetic field, Fig. 1(c)
shows an intensity plot of the dI/dV spectra of a similar
dataset as a function of the magnetic field B, which has been
incremented in smaller steps. In the intensity plot, the step at
positive bias and a step occurring at a negative bias symmetric
with respect to EF are visible, and are linearly shifting toward
higher absolute bias voltages for increasing magnetic field. We
conclude that the two steps are due to a magnetic excitation of
the Fe atom by inelastic spin-flip scattering of the tunneling
electrons.6 The corresponding steps in the dI/dV curves are
marked in red in Fig. 1(a). While the excitation step occurs on a
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FIG. 1. (Color online) (a) ISTS spectra taken above the Fe adatom
for different magnetic fields B with the same microtip (spectra at
5.5 and 11.5 T are vertically offset by −7 and −12 nS for clarity).
On the positive-bias side, the part of the spectrum in the interval
Estep − w < eV < Estep + w is highlighted in red, where Estep is the
fitted step energy and w is the fitted step width (FWHM; see text).
On the negative-bias side, the part of the spectrum on the negative
portion of this interval is highlighted. Inset: constant-current image
of three Fe atoms on Ag(111) (Istab = 1.3 nA, Vstab = 10 mV, and
gray scale from 0 to 1.35 A˚). (b) ISTS spectra taken with the same
microtip on the substrate. (c) Color scale representation of a similar
dataset taken at smaller increments in the magnetic field. Individual
spectra were divided by their mean values for better visualization.
(Istab = 1 nA, Vstab = 10 mV, and Vmod = 100 μV.)
rather flat background dI/dV signal for positive sample bias,
it is superimposed on the gradual increase of the dI/dV signal
on the negative sample bias side. The gradual increase does not
change with the magnetic field and is observed for all atoms in
the filled-states regime, independent of the utilized microtip.
Thus, it is probably due to a peak in the local electron density of
states (LDOS) above the Fe atom. In all further analysis, only
the unmasked step on the positive-bias side was considered.
To extract both the g factor and the lifetime of the magnetic
excitation, ISTS spectra of 17 Fe atoms were analyzed for
different magnetic fields, giving a total of 70 data points for
each of the following quantities: the step position Estep, the
step width w (full width at half maximum, FWHM), and the
inelastic contribution Pinel to the total dI/dV signal for bias
voltages greater than the excitation energy. All values have
 
 
 
 
FIG. 2. (Color online) (a) Fitted step energy Estep and step width
w (FWHM) of the inelastic step on the positive-voltage side of the
ISTS spectra taken on 17 different Fe atoms as a function of magnetic
field B. (b) Numerical derivative of the positive-bias part of the
spectra used in Fig. 1(a). (c) Calculated magnetic field dependency
of the resonance energy Er and of the linewidth w. (d) Examples of
computed density of magnetization excitations for an Fe adatom on
Ag(111).
been extracted by fitting a Gaussian-broadened step function
to the measured spectra in the positive-bias regime. It turns
out that Pinel = 8.8% ± 1.8% [standard deviation (SD)] of
the tunneling electrons are inelastically scattered at the Fe
atom and induce a spin excitation. Therefore, the process is
considerably more efficient than for the case of Fe on Cu(111)6
or Fe on Pt(111).4
The step energy Estep and width w are shown in Fig. 2(a)
as a function of the magnetic field B. The step energy shows a
zero-field splitting of Estep(B = 0 T) = 2.7 ± 0.06 meV (SD)
and then increases linearly with B with a slope of 3.13 ±
0.07μB (SD). The zero-field splitting results from the magnetic
anisotropy energy of the Fe moment. The effective g factor
can be extracted from the slope of Estep(B) by taking into
account the selection rules for the excitation of the total angular
momentum J of the adatom-on-substrate system, i.e., mJ =
0 or ±1,17 resulting ing = 3.13 ± 0.07. Finally, as exemplified
by the derivative of the spectra of Fig. 1(a) with respect to the
voltage shown in Fig. 2(b), there is a significant linewidth
broadening of the excitation as the magnetic field is increased.
This linewidth increases with a rate of ≈1.1μB [Fig. 1(a)].
As we have shown for the case of Fe adatoms on Cu(111),6
the linear increase of the linewidth as a function of the
excitation energy can be explained by the decay of the excita-
tion into Stoner modes of the itinerant conduction electrons
of the substrate.6,13,14,16 Due to the hexagonal symmetry
of the substrate, the measured magnetic anisotropy energy
for Ag(111) most probably favors a uniaxial out-of-plane
orientation of the Fe moment, as predicted with our simulations
using KKR, which reveal a perpendicular magnetic anisotropy
of 5.6 meV. Moreover, the experimental value is almost a
factor of 3 larger than for Cu(111).6 Also, the lifetime of the
excitation, which is derived from the linewidth at B = 0 T
to be τ = h¯/(2E) ≈ 400 fs, is about twice as large as for
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Cu(111) and decreases with a rate that is two times smaller.
Remarkably, the g factor for the case of Ag(111) is 50% larger
than for Cu(111).
In order to elucidate the g factor enhancement, first-
principles calculations have been carried out to evalu-
ate the energy-dependent local transverse spin suscepti-
bility χ (E), whose imaginary part Im(χ ) describes the
density of states of possible magnetic excitations. The
formal expression for the dynamic susceptibility can be
written as
χ = χ0/(1 − Uχ0), (1)
connecting the Kohn-Sham susceptibility χ0 (which describes
Stoner excitations) to the exchange and correlation kernel U .
To mimic spin-orbit coupling, which is not incorporated into
our KKR-based formalism, an appropriate external magnetic
field B0 was applied. This approach produced results in
excellent accord with the empirical tight-binding description
of magnetic excitations of the Fe adatom on Cu(111), where
spin-orbit coupling was incorporated.6
In Fig. 2(c) we plot the magnetic-field dependence of the
theoretical resonance energy Er and linewidth w, which can
be directly compared to Fig. 2(a). We find a g factor of 3.34,
which is in a striking agreement with the measured value. The
theoretical linewidth (B = 0) is about twice the corresponding
experimental value and broadens more heavily (≈2.9μB) than
the average measured linewidth (≈1.1μB). Interestingly, our
calculations identify the Fe-adatom g-factor enhancement as
a rare case, since Cr, Mn, and Co adatoms are characterized
by typical g values of 2.1, 1.9, and 1.84 (not shown).
The Ag(111) surface is peculiar since its surface-state
onset is located much closer to EF compared to Cu(111)
and Au(111).22 Our calculations indicate an onset value of
−50 meV [Figs. 3(a) and 3(b)]. Moreover, it is well established
that an adatom induces a bound state that is split off from
the bottom of the surface-state band if the adatom potential
is attractive.23–26 These effects could principally affect the g
factor. As on the Cu(111) surface, Fe [Fig. 3(c)], as well as
Cr, Mn, and Co adatoms (not shown) exhibit a spin-polarized
split-off state on the Ag(111) surface. If this bound state is
responsible for the large g shift, it should consequently also
induce a large g shift for Cr, Mn, and Co adatoms. However,
this is not seen computationally. Furthermore, these impurities
were considered as “inatoms,” i.e., substitutional impurities
in the surface layer, and bulk atoms, where no bound-state
is present as predicted for the Cu(111) surface.25 Among all
additional impurities investigated, only the Mn inatom exhibits
a large g factor of 2.9, illustrating that the bound state is not
necessarily responsible for enhancing the g factor.
Finally, to investigate the influence of the surface state, we
shifted its location by reducing the thickness of the simulated
slab from 24 to 5 monolayers. This artificial consideration
modifies the surface state, since the two surface states at
both ends strongly interact, thereby splitting into bonding and
antibonding states. These are then located very far from EF .
This electronic modification diminishes the g factor of the Fe
adatom to g ≈ 2. This indicates that the electronic properties
of the surface state play an important role in the observed g
shift.
10−4
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FIG. 3. (Color online) (a) Calculated band structure showing the
surface state of Ag(111) centered around the  point, where a is
the lattice parameter of Ag. (b) Corresponding calculated steplike
s-LDOS in the vacuum evaluated at 4.7 A˚ above the surface. (c) If
an Fe atom is put on top of the surface, a bound state is created that
is spin split. (d) Linear behavior of the real part of the Kohn-Sham
susceptibility for different adatoms on Ag(111). The Fe adatom is
characterized by the smallest slope reproducing its large g shift.
While there is not a simple picture of how the interplay of
the surface-state electronic structure combined with that of the
Fe atoms produces the observed g shift, a specific trend can be
seen in the low-energy properties of the susceptibility, which
may explain the observed g shift. Since we probe energies far
below the electronic scale, we can expand χ0(E) in powers
of the energy E if desired. For small energies, it can be
shown that the real part Re(χ0) and the imaginary part Im(χ0)
of the Kohn-Sham susceptibility are linear functions of E,
i.e., Re(χ0(E)) = χ0(0) + αE and Im(χ0(E)) = βE. χ0(0) is
the static susceptibility and Im(χ0) describes the density of
Stoner modes, while α and β are the slopes defining the linear
energy dependence. Analytically, β is given by the product
between the spin-dependent adatom density of states at EF
[−πn↓(EF )n↑(EF )], while α is more complex but can be
expressed in terms of single-particle Green functions evaluated
at EF .
In Fig. 3(d), Re(χ0) at B = 0 is plotted against energy for
Cr, Mn, Fe, and Co adatoms on Ag(111), and indeed the trend
is linear and is not modified with an applied field. Interestingly,
α is smallest for the Fe adatom, which strongly contributes to
the large g shift. In fact, by plugging the linear behavior of
χ0 into Eq. (1) and evaluating Im(χ ) we obtain an equation
similar to what is given in Refs. 12 and 13:
Im(χ ) = βE{1 − U [χ0(0) + αE]}2 + (UβE)2 , (2)
where the resonance energy Er = | 1U − χ0(0)|/
√
α2 + β2. If
no external magnetic field is applied along the z direction,
χ0(0) = 1/U 14,16 and consequently Er = 0. This is a key
result: The position of the resonance, and thus the g shift,
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depends equally on the slope of Re(χ0), the slope of Im(χ0),
and the change of χ0 at zero energy induced by the magnetic
field. Thus the right combination of these properties must
be satisfied in order to observe a large g shift as for the Fe
adatom.
This new data, combined with that in Ref. 6 where the g
factor in both the data and theory is close to 2, shows that
3d transition-metal moments on metal surfaces can display
a wide range of response characteristics not realized with
long-wavelength probes of bulk materials. In contrast to the
spin-orbit-induced g shift that is operative in long wavelength
probes, the large shift present in both the data and the
calculations presented here has its origin only in the Coulomb
interaction between the electrons, a feature unique to the
response of the moment when probed with atomic-scale spatial
resolution.12 This Brief Report presents data in which this large
Coulomb-induced g shift, predicted over forty years ago,12
has been experimentally observed and confirmed by ab initio
calculations of local spin dynamics.
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